The signal transducers and activators of transcription (STAT) family members have been implicated in regulating the growth, differentiation, and death of normal and transformed cells in response to either extracellular stimuli, including cytokines and growth factors, or intracellular tyrosine kinases. c-myc expression is coordinately regulated by multiple signals in these diverse cellular responses. We show that STAT3 mostly mediates the rapid activation of the c-myc gene upon stimulation of the interleukin (IL)-6 receptor or gp130, a signal transducing subunit of the receptor complexes for the IL-6 cytokine family. STAT3 does so most likely by binding to cis -regulatory region(s) of the c-myc gene. We show that STAT3 binds to a region overlapping with the E2F site in the c-myc promoter and this site is critical for the c-myc gene promoterdriven transcriptional activation by IL-6 or gp130 signals. This is the first identification of the linkage between a member of the STAT family and the c -myc gene activation, and also explains how the IL-6 family of cytokines is capable of inducing the expression of the c-myc gene.
S
ignal transducers and activators of transcription (STAT) 1 proteins have been shown to play pivotal roles in cytokine signaling pathways, which are involved in regulating cell growth and differentiation in systems ranging from Dictyostelium to mammals (1) (2) (3) (4) . STAT proteins are activated not only by receptor-associated Janus tyrosine kinases (JAK) (5) (6) (7) (8) (9) , but also by receptor type tyrosine kinases (10) (11) (12) (13) and by the oncogenic tyrosine kinases v-src and v-abl (14) (15) (16) . The involvement of STAT proteins in cell survival, growth, transformation, and differentiation has been reported in a number of instances. A role for STAT5 has been suggested in IL-2-mediated cell growth signals in murine pro-B BAF/B03 cell lines expressing a variety of mutant IL-2 receptors (17) , and it is also partially responsible for IL-3-induced cell growth in a pro-B BAF/B03 cell line (18) . STAT3 activity plays a critical role in mediating gp130 signals leading to both growth arrest and macrophage differentiation in M1 leukemic cells (19, 20) as well as to cell survival in BAF/B03 cells stably expressing chimeric gp130 receptors (21) . Lymphocytes from mice with a disruption in their stat6 or stat4 genes lose their proliferative responses to IL-4 and IL-12, respectively, indicating critical roles for these STAT molecules in cytokine-induced cell growth (22) (23) (24) (25) (26) . Moreover, a disruption of the stat3 genes causes embryonic lethality around embryonic day E7.5 (27) , suggesting a role for STAT3 in cell proliferation or survival in early embryonic stages. Recently, a comparison of the responses of lymphocytes from normal and gene-disrupted mice deficient in STAT6 or STAT4 led to the suggestion that STAT6 and STAT4 control lymphocyte proliferation by downregulating the levels of p27 Kip1 protein (28) . However, STAT5a is also involved in IL-2-induced lymphocyte proliferation via induction of the IL-2 receptor ␣ chain, as shown by comparing lymphocytes from STAT5a null mice with those from normal mice (29) . Regarding the roles of STAT proteins in oncogenesis, STAT1 activation is correlated with cellular transformation by Eyk (30) , and recently STAT3 was shown to be involved in the transformation of NIH3T3 cells by v-src (31, 32) . In other cases, STAT1 protein plays a role in IFN-␥ -induced growth arrest and apoptosis (33) . All of these indicate the complexity of the multiple roles of STAT family proteins. However, regarding the roles for STAT family proteins in cell proliferation, there is no report showing a linkage between STAT proteins and the direct regulation of genes critically involved in the cell cycle progression or in cellular transformation.
The product of the c-myc gene has been shown to be a critical regulator of cell growth, especially for cell cycle progression from the G1 to S phase (for review see reference 34) and for the induction of cdc25A (35) . The c-myc gene is commonly activated during responses to the proliferative signals elicited by extracellular stimuli such as serum, epidermal growth factor, platelet-derived growth factor (PDGF) (36) , nerve growth factor (37) , colony stimulating factor 1 (38) , and a variety of cytokines including IL-1, IL-3, GM-CSF, IL-5, IL-2, IL-4, IL-7, IL-6, IL-9, and IL-12 (39) (40) (41) (42) (43) (44) (45) . Among the molecules known to be involved in growth factor and cytokine signaling, the nonreceptor tyrosine kinases c-src (46) , syk (47) , and JAK (48) (49) (50) have been shown to activate the c-myc gene. Oncogenic nonreceptor tyrosine kinases, v-src and v-abl, bcr-abl, and the oncogenic serine/ threonine kinase v-akt have also been shown to induce c-myc mRNA expression (51) (52) (53) (54) . STAM (the signal transducing adaptor molecule), which is phosphorylated on tyrosine residues after stimulation with a variety of cytokines such as IL-2, IL-3, GM-CSF, and epidermal growth factor appears to be involved in IL-2-and GM-CSF-induced activation of the c-myc gene promoter (55) . However, very little is known about the mechanisms by which these different effector molecules activate the c-myc gene. Only E2F molecules, composed of members of the E2F family and DP1 or DP2, have been identified as the final common target molecules that affect transcriptional activation of the c-myc gene upon stimulation with serum, PDGF (56), v-abl (57-59), bcr-abl (54) , and phosphatidyl inositol 3-kinase/c-akt (60, 61) .
The IL-6 family of cytokines, which includes IL-6, ciliary nerve trophic factor, leukemia inhibitory factor, oncostatin M, IL-11, and cardiotrophin-1, is variably involved in cell growth, differentiation, and survival in a variety of tissues and cells (62) . In particular, IL-6 and IL-11 are potent growth factors for multiple myelomas (63, 64) . The receptors for the IL-6 family of cytokines share gp130 as a signal transducing receptor subunit, which is capable of activating a variety of signal transduction pathways, i.e., the STAT3-mediated pathway, the SH2 domain containing phosphatase (SHP)-2/Ras/ mitogen-activated protein kinase-mediated pathway, and other poorly characterized pathways (6) . IL-6 is essential for cell growth of regenerating murine hepatocytes after partial hepatectomy, causing the rapid activation of STAT3 and the rapid induction of c-myc mRNA expression (65) . Stimulation of gp130 activates STAT3, and induces c-myc mRNA expression and cell proliferation in BAF/B03 cells (21) . One of the important questions to be resolved is how cytokines, such as those in the IL-6 family, are capable of inducing the expression of the c-myc gene, which plays an essential role in cell fate, growth, and differentiation. Here, we characterize the signaling pathways leading to the IL-6-induced full c-my c gene activation and show that STAT3 is involved in the rapid activation of the c-myc gene at least partly by directly binding to a site overlapping with the c-myc E2F binding site in the c-myc gene P2 promoter.
Materials and Methods
Cell Lines and Cell Culture. The murine proB cell line BAF/ B03 cells were maintained in RPMI 1640 medium (GIBCO BRL) supplemented with 10% FCS, 0.1 ng/ml recombinant mouse IL-3, 100 U/ml penicillin, and 100 g/ml streptomycin in a humidified atmosphere with 5% CO 2 . BAF transformants expressing the chimeric receptors containing the extracellular domain of the granulocyte colony-stimulating factor (G-CSF) receptor (G-CSFR) and the transmembrane and cytoplasmic domains of gp130 have been described previously (21) . A cell sorter (FACScan ® ; Becton Dickinson) was used to check the expression levels of the chimeric receptors which were labeled with an anti-G-CSFR antibody. One representative clone for each type of transformant (BAF-G277, BAF-G133, BAF-G68, BAF-G133F2, and BAF-G133F3) expressing similar levels of the chimeric receptors was used in this study. To make stable BAF-G133 transformants expressing the dominant-negative STAT3s, 50 g of each expression vector encoding either the dominant-negative STAT3F or STAT3D (pCAGGS-Neo hemagglutinin [HA]Stat3D and pCAGGS-Neo HAStat3F) along with 5 g of pMIK-Hyg was transfected by electroporation, and the transformants were selected with 200 g/ml hygromycin. The expression levels of STAT3D and STAT3F were analyzed by immunoblotting with an anti-HA mAb, (12CA5; Boehringer Mannheim). The KT-3 human T cell lymphoma cells were grown in RPMI 1640 medium supplemented with 10% FCS and 10 ng/ml recombinant human IL-6. The human HepG2 hepatoma cells were grown in DME (GIBCO BRL) supplemented with 10% FCS and antibiotics.
Northern Blot Analysis. Total RNA was extracted using the TRIzol reagent (GIBCO BRL) according to the procedure recommended by the manufacturer. Total RNA (20 g per sample) was separated by electrophoresis in 1% agarose formaldehyde gels and transferred to Hybond N ϩ (Amersham Corp.) nylon membranes. Membranes were hybridized overnight at 65 Њ C with 32 Plabeled cDNA fragments, washed three times with 0.1 ϫ SSC, 0.1% SDS at 58 Њ C for 20 min, and subjected to autoradiography. The amount of loaded RNA was verified with the levels of CHO-B mRNA intensity. The probes used here were the human c-myc cDNA (2.0 kb, EcoRV-EcoRI fragment), junB (2.1 kb, EcoRI fragment), and CHO-B (0.6 kb, EcoRI-BamHI fragment).
Plasmid Construction. PHXL (55), a gift from Dr. K. Sugamura and T. Arita (Tohoku University School of Medicine, Sendai, Japan), is a luciferase reporter plasmid containing the human c-myc gene with the region spanning from Ϫ 2309 to ϩ 532 bp relative to the transcription initiation site of the P1 promoter. This construct was called Ϫ 2309/ ϩ 532 Luc in this paper for simplification. A series of 5 Ј deletion mutants were made as follows. To make Ϫ 1398/ ϩ 532 Luc and Ϫ 349/ ϩ 532 Luc, respectively, fragments extending from a BglII site in the PHXL multicloning site to a SpeI or PvuII site in the c-myc promoter were deleted. The resultant constructs were then made blunt-ended and religated. For Ϫ 101/ ϩ 532 Luc and ϩ 68/ ϩ 532 Luc, SmaI and the XhoI fragments, respectively, were deleted from PHXL. To make ϩ 102/ ϩ 532 constructs, the region containing ϩ 102/ ϩ 532 was amplified by PCR using the oligonucleotides 5 Ј -AACTCGAGAAAAA-GAACGGAGGGAGGGA-3 Ј and 5 Ј -GCCGGGCCTTTCTT-TATGTT-3 Ј as primers. The XhoI-HindIII fragment of the PCR product was subcloned into the XhoI, HindIII site of PHXL, from which the longer XhoI-HindII fragment, containing the c-myc region upstream of the HindIII site had been deleted. To make 3 ϫ c-myc E2F Luc and 3 ϫ adenovirus (Ad) E2 E2F Luc, three repeats of c-myc E2F and Ad type 5 E2 E2F oligonucleotides were inserted in front of the minimal mouse junB promoter Luc (66, 67) . The sequences of the oligonucleotides were as follows: c-myc E2F 5 Ј -TTGGCGGGAAAAA-3 Ј and Ad E2 promoter E2F 5 Ј -GTT-TCGCGCC-CTTTCTCAA-3 Ј (68) with an additional SalI and KpnI site at each end.
Site-directed Mutagenesis by PCR. Mutations were introduced in the c-myc E2F binding site in the context of the intact c-myc promoter with the upstream region to Ϫ 2309 bp ( Ϫ 2309/ ϩ 532 mE2F Luc) and with that to Ϫ 101 bp ( Ϫ 101/ ϩ 532 mE2F Luc) by the overlap extension technique, using PCR. The primers used for these mutations were 5 Ј -AGGCTTGGAAGTTAAAA-GAACGGAGGGAGGATC-3 Ј , 5 Ј -TTTAACTTCCAAGCCTC-TGAGAAGCCCTG-3 Ј , and reverse and universal primers for pBluescriptII (Stratagene). The underlined bases are the mutated ones. pBluescriptII containing the XhoI-HindIII fragment of the c-myc promoter was used as a template. After the PCR products were subcloned into pBluescriptII SK ϩ (Stratagene), their sequences were verified by DNA sequencing. The PCR product digested with XhoI and HindIII was then inserted at the proper position of Ϫ 2309/ ϩ 532 Luc and Ϫ 101/ ϩ 532 Luc to make Ϫ 2309/ ϩ 532 mE2F Luc and Ϫ 101/ ϩ 532 mE2F Luc.
Transient Transfection Assay. For transfection experiments, HepG2 cells were transfected with DNA mixtures using the calcium phosphate coprecipitation method. Typically, 1.2 g of one of the reporter plasmids containing the firefly luciferase gene, and 1 g of pEFLacZ, a pEF-BOS expression vector containing the ␤-lacZ gene encoding ␤-galactosidase as an internal control for transfection efficiency, were used. 3 g of either pCAGGS-Neo, an expression vector without an insert (control), or pCAGGSNeoHAStat3F, an expression vector containing a cDNA encoding HA-STAT3F (20) was cotransfected in some experiments. Cells were incubated with DNA precipitates for 12 h, washed with PBS, fed with DME containing 0.1% FCS for 20-24 h, and stimulated with 100 ng/ml of IL-6 for the last 6 h. Approximately 42 h after transfection, cells were collected in 120 l lysis buffer and subjected to assays for luciferase and ␤-galactosidase activity as described (69) .
Electromobility Shift Assay (EMSA). EMSAs were performed according to the procedure published previously (70) . The oligonucleotides used as probes or competitors for the EMSA were as follows: c-myc E2F, 5Ј-GACGCTTGGCGGGAAAAAG-3Ј and 5Ј-GGCTT-TTTCCCGCCAAG-3Ј; Ad E2 E2F, 5Ј-GACGTT-TCGCGCCCTTTCT-3Ј and 5Ј-GGAGAAAGGGCGCGAAA-3Ј (68); STAT5, 5Ј-GCGAGATTTCTAGGAATTCAAT-3Ј and 5Ј-GGATTG-AATTCCTAGAAATCT-3Ј (71). The acute phase response elements (APRE) were synthesized as reported previously (70) . Nuclear extracts (10 g) were incubated in a final volume of 20 l (10 mM Hepes, pH 7.9, 80 mM NaCl, 10% glycerol, 1 mM dithiothreitol, 1 mM EDTA, and 100 g/ml poly[dI-dC] poly[dI-dC]) with each 32 P-labeled probe (10,000 cpm, 0.5-1 ng) for 20 min at room temperature. The protein-DNA complexes were resolved on a 4.5% nondenaturing polyacrylamide gel containing 2.5% glycerol in 0.25ϫ TBE (1ϫ TBE is 0.13 M Tris base, 0.12 M boric acid, and 2.0 mM EDTA, pH 8.8) at room temperature and autoradiographed. For competition analysis, extracts were preincubated with a 50-or 250-fold molar excess of cold oligonucleotides for 5 min before the addition of labeled oligonucleotide. For antibody interaction studies, antiserum or a mAb specific to each STAT family member was included in the binding reaction during a 30-min preincubation on ice. The antibodies used were anti-STAT1 mAb recognizing the STAT1 NH 2 terminus from Transduction Laboratories (anti-ISGF3 G16920); anti-STAT3 polyclonal antibody recognizing the COOH terminus of STAT3 (70); and anti-STAT5 polyclonal antibody recognizing both STAT5a and STAT5b (sc-835X; Santa Cruz Biotechnology).
Results

gp130-mediated Rapid Activation of the c-myc Gene without Requiring De Novo Protein Synthesis.
We first characterized the nature of the gp130-mediated c-myc mRNA induction in BAF-G277, a BAF-B03 pro-B cell line expressing the chimeric receptor containing the extracellular domain of the G-CSF receptor and the transmembrane and cytoplasmic domains of gp130 (21) . Total RNA was obtained from BAF-G277 cells which had been deprived of IL-3 for 12 h and then stimulated with 100 ng/ml of G-CSF for up to 15 h. The levels of mRNAs for the c-myc gene and a housekeeping gene, CHO-B, are shown ( Fig. 1 A) . The c-myc mRNA levels normalized with those of CHO-B were plotted ( Fig. 1 B) . G-CSF increased immediately the levels of c-myc mRNA by around sixfold with a peak at 1 h after stimulation, followed by a gradual decrease until 12 h and a slight increase at 15 h ( Fig. 1 A, lanes 1-7; Fig. 1 B) . This induction is due to the activation of the chimeric receptor since G-CSF did not increase c-myc mRNA level in the parental BAF/B03 cells ( Fig. 1 A, lanes 8-10). Pretreat- 7) and parental BAF/B03 cells (lanes 8-10) which had been deprived of IL-3 for 12 h and then stimulated with 100 ng/ml G-CSF for the indicated periods of time and subjected to Northern blot analysis for detection of c-myc mRNA (top) and CHO-B mRNA (bottom), the latter being controls for the amounts of loaded RNA. (B) Kinetic changes in the c-myc mRNA levels. Values for c-myc mRNA levels were normalized to those for the corresponding CHO-B mRNA levels and were plotted. Means Ϯ SD of data from three independent experiments are shown. (C) c-myc mRNA induction in the presence of an inhibitor for protein synthesis. Total RNAs were extracted from BAF-G277 cells, which had been deprived of IL-3 for 12 h and then stimulated with 0 (lanes 1 and 3) or 100 ng/ml of G-CSF for 1 h (lanes 2 and 4) in the absence (lanes 1 and 2) or presence (lanes 3 and 4) of 30-min pretreatment of cells with 10 g/ml of cycloheximide, and were subjected to Northern blot analysis for c-myc and CHO-B mRNA expression as in A. ment of BAF-G277 with cycloheximide did not inhibit but rather enhanced the c-myc mRNA level at 1 h after stimulation with G-CSF, indicating that at least the initial phase of c-myc mRNA induction by gp130-mediated signals did not require de novo protein synthesis in BAF-G277 cells ( Fig. 1 C, lanes 1-4) .
The Involvement of STAT3 in gp130-mediated Rapid and Full Activation of the c-myc Gene. To investigate which signals were responsible for the c-myc gene activation by the IL-6 cytokine family, we determined which region of gp130 was required for full c-myc mRNA induction. To do this, we selected BAF transformants with similar expression levels of the chimeric receptors for BAF-G277, BAF-G133, BAF-G133F2, BAF-G133F3, and BAF-G68 (Fig.  2 A) . The constructs of the chimeric receptors are described in the legend to Fig. 2 . Previously, we showed that the membrane-proximal region of gp130, consisting of 133-amino acid residues, is necessary and sufficient for ligand-induced cell growth (21) . This region of gp130 contains two tyrosines, Y759 and Y767, which are required for activation of the SHP-2/RAS/MAPK pathway and STAT3, respectively (21, 72) . In BAF-G133 cells, G-CSF induced c-myc mRNA expression at a level somewhat less than that in BAF-G277, whereas BAF-G68 showed c-myc mRNA expression at a much lower level (Fig. 2 B) . The low-level c-myc mRNA expression in the BAF-G68 clone was repeatedly observed and estimated as one-seventh and one-fifth of those of BAF-G277 and BAF-G133, respectively. These results suggested that although a poorly characterized and weak signal to the c-myc gene was generated from the membrane-proximal region between 1 and 68, the region between 68 and 133 is necessary for the full activation of the c-myc gene. The use of the other transformants, BAF-G133F2 and BAF-G133F3, which express the truncated chimeric receptors with a tyrosine to phenylalanine mutation at the second (Y759) and third (Y767) tyrosine residues in the cytoplasmic domain, respectively, indicated that the third tyrosine residue, Y767, in G133 was required for the full activation of the c-myc gene (Fig. 2 B) . Since this requirement is the same as for STAT3 activation (19, 72) , it seemed likely that STAT3 is involved in the full c-myc induction. To test this directly, we used two other BAF transformants expressing both truncated chimeric receptors, G133, and one of the two dominant-negative STAT3 mutants (20) , BAF-G133 STAT3F and BAF-G133 STAT3D. Expression of either dominant-negative STAT3 almost completely inhibited the gp130-mediated expression of both c-myc and junB mRNA (Fig. 3) , the latter of which has been known to be one of IL-6-inducible immediate early response genes (66, 70, 73) . The three cell lines, BAF-G133, BAF-G133 STAT3F, and BAF-G133 STAT3D, could respond to IL-3 by expressing c-myc mRNA with levels similar in each cell line but much higher than that of gp130-induced c-myc mRNA, indicating that the poor gp130-mediated induction of c-myc mRNA seen in the dominant-negative STAT3-expressing cell lines was due to the specific effect of the exogenous STAT3F and STAT3D. These results indicated a critical role for STAT3 in the gp130-mediated c-myc and junB gene activation. Considering that the c-myc mRNA induction through gp130 signals occurred without requiring de novo protein synthesis (Fig. 1 C) and that the STAT3 transcription factor was involved, it seemed likely that STAT3 directly activated transcription of the c-myc gene by binding to a cis-regulatory region(s) of the gene.
Rapid Activation of the c-myc Promoter by STAT3. We tested whether IL-6 or gp130 activation could induce c-myc mRNA expression in cells other than BAF transfor- Total RNAs extracted from the various BAF transformants which had been deprived of IL-3 for 12 h and stimulated with nothing or G-CSF at 100 ng/ml for the indicated periods of time were subjected to Northern blot analysis for c-myc mRNA expression. Cell lines tested were as follows: BAF-G277 (lanes 1-3) , BAF-G133 (lanes 4-6), BAF-G133F2 (lanes 7-9), G-133F3 (lanes 10-12), and BAF-G68 (lanes 13-15) . Figure 3 . Inhibition of gp130-mediated c-myc and junB mRNA expression by dominant-negative STAT3s. Total RNAs extracted from the IL-3-deprived various BAF-G133 transformants unstimulated or stimulated for indicated hours with G-CSF at 100 ng/ml (top) or recombinant mouse IL-3 at 0.2 ng/ml (bottom) were subjected to Northern blot analysis for c-myc, junB, and CHO-B mRNA expression. Cell lines used were as follows: BAF-G133 (lanes 1-3) , BAF-G133 stably expressing HA-tagged STAT3F (BAF-G133 STAT3F; lanes 4-6), and BAF-G133 stably expressing HA-tagged STAT3D (BAF-G133 STAT3D; lanes 7-9).
mants. IL-6 increased transiently the c-myc mRNA levels by ‫-3-5.2ف‬fold in HepG2 at 1 h after stimulation (Fig. 4 A) , as for BAF-G277. We then took advantage of the easy transfectability of HepG2 cells to test if IL-6 can activate the c-myc gene promoter. First we transiently transfected HepG2 cells with a luciferase gene construct containing the human c-myc gene with the region spanning from Ϫ2.3 kb to ϩ530 bp relative to the P1 initiation site, and tested for IL-6 responsiveness. As shown in Fig. 4 B, IL-6 increased the reporter gene expression by ‫-0.3ف‬fold. This activation of the c-myc promoter-driven transcription was effectively inhibited by the dominant-negative STAT3F, indicating that a STAT3-responsive element(s) resides in the upstream or promoter region of the c-myc gene. Fig. 4 C also shows that only the chimeric receptors containing the gp130 region capable of activating STAT3, that is, G277, G133, and G133F2, but not G133F3 or G68, could activate the c-myc promoter driven-reporter gene expression, fully consistent with the c-myc mRNA expression pattern observed in BAF transformants. However, this does not rule out the possible involvement of other region(s) outside the upstream and promoter region of the c-myc gene used in this study. Enhancement of induction was observed with the G133F2 expression vector. This may be explained by an inhibitory effect of SHP-2, which is activated through the tyrosine phosphorylation module at Y759, on the STAT3 activity (74) .
STAT3 Responsive Element Resides in the Proximal Region of the c-myc P2 Promoter.
To identify a STAT3 responsive element in the c-myc promoter, we made a series of deletion mutants linked to the luciferase gene, as depicted in Fig. 5 . We transfected HepG2 cells with these constructs and tested for IL-6 responsiveness. Whereas the promoter constructs bearing deletions Ϫ1398, Ϫ349, Ϫ101, and ϩ68 bp relative to the P1 transcription initiation site responded to IL-6 by 2.7-3.8-fold over baseline transcription levels, the promoter truncated at ϩ102 bp lost IL-6 responsiveness (Fig. 5) , suggesting the existence of a STAT3 responsive element just upstream of the P2 promoter.
A Region Overlapping with the c-myc E2F Binding Site Is Responsible for STAT3-mediated Activation of the c-myc Promoter.
Since the promoter region between ϩ68 and ϩ102 bp from the P1 initiation site contained two known functional sites, Me1a2 and part of the E2F binding site, we hypothesized that the major determinant for IL-6-induced and STAT3-mediated activation might be the c-myc E2F site, located at ϩ98 to ϩ106 bp. To test if this site was responsible for IL-6-induced and STAT3-mediated activation of the promoter, we made point mutations at this c-myc E2F site, changing from TTGGCGGGAAA to TTG-GAAGTTAA, in the context of the full-length promoter construct (Ϫ2309/ϩ532 mE2F Luc) and in the truncated version of the c-myc promoter construct (Ϫ101/ϩ532 mE2F Luc), and tested for IL-6 responsiveness. The mutations severely compromised the IL-6 responsiveness of both constructs (Fig. 6 A) , indicating that this site is really required for IL-6 responsiveness in the intact promoter. Then we proceeded to test whether the STAT3-mediated activation can be seen in E2F binding site in general or specifically in the c-myc E2F binding site. We constructed two reporter gene constructs, one containing three repeats of the c-myc E2F site, TTGGCGGGAAAAAG, and the other containing three repeats of a typical E2F binding site, GTTTCGCGCCCTTTCTCAA, from the Ad E2 promoter (68, 75) inserted upstream of the heterologous minimal junB promoter linked to the luciferase gene (66, 67) , and tested them for IL-6 responsiveness in HepG2 cells (Fig. 6 B) . Interestingly, IL-6 dramatically activated the c-myc E2F site-driven transcription, but not the wild-type E2F site-driven expression, and the IL-6-induced activation of the c-myc E2F site was inhibited by the coexpression of the dominant-negative STAT3F (Fig. 6 B) . From these results, we concluded that STAT3 activated the c-myc gene promoter by specifically activating the c-myc E2F binding site or an overlapping region. These results also indicated that the STAT3-mediated activation of the c-myc gene promoter occurs independently of E2F activity. The basal promoter activities of the c-myc promoters with the mutated E2F site (Ϫ2309/ϩ532 mE2F Luc and Ϫ101/ ϩ532 mE2F Luc) were reproducibly higher than those of the corresponding intact c-myc promoters (Ϫ2309/ϩ532 Luc and Ϫ101/ϩ532 Luc), consistent with the existence of a repressor activity bound to the c-myc E2F site in the serum-starved HepG2 cells.
Direct Binding of STAT3 to the c-myc E2F Binding Site. Since the sequence of the c-myc E2F binding site, TTG-GCGGGAAA, is distinct from the known STAT3 binding sites (76-78), we tested whether STAT3 and other STAT proteins bind directly to the c-myc E2F site or indirectly through interactions with other proteins. To do this, we used EMSA, testing nuclear extracts from BAF-G277 and HepG2 cells stimulated with either G-CSF or IL-6. The extracts were incubated with labeled oligonucleotides bearing the c-myc E2F site and specific antibodies to each STAT protein in some experiments and unlabeled oligonucleotides as competitors in other experiments. The nuclear extracts from BAF-G277 cells stimulated with G-CSF for 15 min (Fig. 7 A, lanes 1-5) and HepG2 cells stimulated with IL-6 for 15 min (Fig. 7 B, lanes 1-4) have prominent c-myc E2F site binding activity. In the nuclear extracts from BAF-G277 cells stimulated with G-CSF, most of the complexes on the c-myc E2F site were shifted by anti-STAT3 serum (Fig. 7 B, lane 4) , indicating that STAT3 is the major component bound to the c-myc E2F site in BAF-G277 cells, which have very little E2F activity, either free E2F or complexes of E2F and one of the retinoblastoma protein family members. The inducible complexes in the IL-6-stimulated HepG2 nuclear extracts were most likely to contain STAT3, STAT3/STAT1, and STAT1 (indicated by arrows in Fig. 7 B) , since anti-STAT3 serum shifted the two upper bands and anti-STAT1 antibody shifted the lower band. Interestingly, the mobilities of the complexes with the c-myc E2F probe are exactly the same as those of complexes seen using an oligonucleotide probe containing an APRE from ␣2-macroglobulin, a typical STAT binding site (compare lane 2 with lane 4 in Fig. 7 C) , suggesting that these inducible complexes with c-myc E2F probe are dimers of STAT3, STAT3/STAT1, and STAT1, although c-myc E2F probe has less affinity than APRE probe. These inducible complexes of STAT1 and 3 with the c-myc E2F probe were competed by an oligonucleotide containing APRE (Fig. 7 D, lanes 7 and 8) five times as efficiently as by a control c-myc E2F oligonucleotide (Fig. 7 D, lanes 3  and 4) , but not by the typical E2F binding site, TTTC-GCGC, taken from the adenovirus E2 promoter (Fig. 7 D,  lanes 5 and 6) . These results suggested that activated STAT proteins may directly bind to the c-myc E2F site with around fivefold less affinity than to APRE and that in spite of the low affinity to the c-myc E2F site, the binding activities of STAT proteins were much stronger than those of E2F-containing complexes.
Binding Specificity of STAT Proteins for the c-myc E2F Site. Next we tested the binding specificity of other STAT3-dependent IL-6 activation of the c-myc E2F site. The reporter construct containing three repeats of the c-myc E2F site inserted upstream of the minimal junB promoter-luciferase gene (66) (shown as 3 ϫ c-myc E2F), the similar construct with three repeats of a typical E2F site from the adenovirus E2 gene (3 ϫ Ad E2 E2F), and the minimal junB promoter construct were transfected and tested for IL-6 responsiveness. The dominant-negative STAT3 (STAT3F) expression vector was included in some experiments using the 3 ϫ c-myc E2F construct (3 ϫ c-myc E2F ϩ DN STAT3F). Normalized luciferase activities with standard deviations from three independent experiments are shown as in Fig. 4 . The numbers at the right of the bars indicate fold increases in response to STAT proteins for the c-myc E2F site. For this experiment, we first tested the nuclear extracts from IL-2-stimulated KT-3 cells (79) for STAT5 activity using EMSA with an oligonucleotide containing the STAT5 binding site (71) and a specific antibody to STAT5 that recognizes both STAT5a and 5b. As shown in Fig. 8 , IL-2-stimulated KT-3 nuclear extracts showed abundant STAT5 complexes on the STAT5 probe recognizable by anti-STAT5 antibody (lane 10) and a small amount of STAT3-containing complex, which was recognized by an anti-STAT3 antibody (lane 9). The same extracts showed inducible binding activity to the c-myc E2F site (Fig. 8, lane 2) . Interestingly, the anti-STAT5 antibody did not cause any shift of the complexes (Fig. 8, lane 5) , whereas most of the complexes were shifted by the anti-STAT3 antibody (Fig. 8, lane 4) . These results indicated that the c-myc E2F site binds preferentially to STAT3 and STAT1, but not to STAT5, and that the nuclear extracts from IL-2-stimulated KT-3 cells had STAT3 bound to the c-myc E2F binding site. Although we do not know the role of STAT3 in the IL-2 signaling pathway, this binding specificity is at least consistent with the lack of a role for STAT5 in the IL-2-induced activation of the c-myc gene.
Discussion
Rapid Activation of the c-myc Gene by STAT3. E2F activity has been shown to be involved in the activation of the c-myc gene in response to serum or PDGF (56) . It is also likely that E2F activity is elevated in cycling cells in the G1 to S phase transition, including BAF-G277 cells. However, this mechanism does not account for the immediate induction of c-myc mRNA observed in BAF-G277 and HepG2 cells, since the increases in CDK4/6 kinase activity were only apparent 4 h after gp130 stimulation in BAF-G277 cells (data not shown), and no apparent increase in E2F activity was detected in IL-6-stimulated HepG2 cells, as exemplified by the lack of activation of the reporter gene containing three repeats of the wild-type E2F binding sites upstream of the minimal junB promoter (Fig. 6 B) . Instead, we suggested that STAT3 is essential for the rapid IL-6-induced or gp130-mediated induction of the c-myc mRNA expression and showed that STAT3 rapidly activated the c-myc gene promoter by binding to a site overlapping with the c-myc E2F site. However, at the present time we do not know whether STAT3 cooperates with other proteins to activate the c-myc promoter-driven transcription or whether STAT3 synergistically enhances the c-myc mRNA expression with other uncharacterized pathway(s) or mechanisms affecting the levels of transcriptional elongation or mRNA stability. The putative STAT3 binding site and the E2F binding site in the c-myc promoter are depicted and compared with the typical E2F binding site in the adenovirus E2 promoter (Fig. 9) . As shown in Fig. 9 , a STAT3 1 and 6) or treated with IL-2 at 10 ng/ml for 15 min (lanes 2-5 and 7-10) were preincubated without (lanes 1, 2, 6, and 7) or with an anti-STAT1 mAb (lanes 3 and 8) , anti-Stat3 antibody (lanes 4 and 9), or anti-Stat5 antibody (lanes 5 and 10) for 30 min on ice before the addition of 32 P-labeled oligonucleotide containing the c-myc promoter E2F site (lanes 1-5) or 32 P-labeled oligonucleotide containing a Stat5 binding site (lanes 6-10), and were then subjected to electrophoresis and autoradiography. The positions of the complexes containing STAT3 or STAT5 are indicated.
binding site overlaps with the E2F binding site in the c-myc P2 promoter, while a typical E2F site, such as the E2F binding site in the adenovirus E2 promoter, does not have a STAT3 binding site. The point mutations at the c-myc E2F site, from TTGGCGGGAAA to TTGGAAGTTAA, compromised the IL-6 responsiveness of the c-myc promoter (Fig. 6 A) . Although these point mutations were originally intended to abolish the binding activity to E2F and E2F complexes, the mutations actually inhibited the STAT binding activity (data not shown), consistent with the notion that this site also works as a functional STAT binding element. The role of STAT proteins in activating the c-myc gene is crucial, especially for the IL-6 family of cytokines, which mainly activate STAT3 and weakly activate the c-myc gene as shown in Fig. 3 . Mouse hepatocytes, when responding in vivo to partial hepatectomy, show a very rapid increase in STAT3 activity as well as junB and c-myc mRNA expression, in a manner dependent on IL-6 (65). The rapid increase in c-myc mRNA expression in regenerating hepatocytes may be explained by the direct effect of STAT3 on the c-myc gene activation shown here.
Role of the E2F Site in Regulating the c-myc Gene. The c-myc E2F site is also a target for free E2F and E2F complexes with the products of the retinoblastoma gene (pRb) family (80, 81) . It has been shown that at quiescent and early G1 phases, pRb and related members, complexed with E2F, repress the transcriptional activity of the genes with E2F binding sites in their cis-regulatory elements (82, 83) , and, during the progression of the cell cycle, E2F freed from pRb family members can activate the genes required for S phase progression (56) . In this context, the role of STAT3, which is rapidly activated and efficiently binds to the c-myc E2F site, may be dual. First, transcriptionally active STAT3 can rapidly activate the c-myc gene by directly binding to the c-myc E2F site. Second, STAT3 may work only through excluding the repressor complexes from the E2F site, although this possibility remains to be examined. It is noteworthy that this mechanism can only be applied to the specific genes that contain the E2F binding site with an affinity for both STAT and E2F proteins.
Cytokine Signals Regulating c-myc Expression. Upon binding to a ligand, most cytokine receptors initiate a variety of signaling pathways by activating JAK tyrosine protein kinases (6, 84, 85) . Some signaling pathways appear to activate the c-myc gene. For instance, IL-2 has been shown to activate the c-myc gene through at least three distinct pathways, the tyrosine kinase syk (47) , STAM (55) , and phosphatidyl inositol 3-kinase/Akt, protein kinase B (60, 61). The last pathway was shown to increase the E2F activity by phosphorylating and removing pRb from E2F (61) . As for the STAT proteins, STAT5, activated by IL-2 or by IL-3R ␤c, has been shown not to be responsible for c-myc mRNA induction (18, 86, 87) . Mui et al. showed that carboxy-terminally truncated dominant-negative STAT5 inhibited the IL-3-induced mRNA expression for the cis and pim-1 genes but not that of the c-myc gene (18) . The absence of a role for STAT5 in c-myc activation is consistent with our result showing that STAT5 does not bind to the c-myc E2F site (Fig. 8) . This is quite a contrast to the critical role for STAT3 in activation of the c-myc gene through gp130 signaling, and shows that each STAT molecule has different target genes. Although STAT1 can bind to the STAT binding site overlapping with E2F site in the c-myc promoter, the contribution of STAT1 in IL-6-induced or gp130-mediated c-myc gene activation may not be important considering the following observations. First, the amount of STAT1 is much smaller than that of STAT3 in BAF-G277 cells. Second, two types of dominant-negative STAT3 efficiently inhibited the gp130-mediated c-myc mRNA induction in BAF-G133 cells. Third, dominantnegative STAT3, but not dominant-negative STAT1 (data not shown), inhibited IL-6-induced activation of the c-myc gene promoter activity in HepG2 cells (Fig. 4 B) . Our results indicate that different cytokine receptor systems have their own strategy to cause the similar outcomes, survival of cells and induction of the genes required for cell cycle progression, including the c-myc gene. It is also noteworthy that STAT3 activates the c-myc gene in some cells shown here but in other cells, e.g., M1 leukemic cells, the same STAT3 is involved in repression of c-myc gene expression with slower kinetics (20) . The role of STAT1 in regulating the c-myc gene expression in response to other cytokines, including IFN␥, should be examined carefully in this context. This is the first report showing the linkage between STAT family proteins and c-myc gene activation. This result implies that other growth factor receptors, or nonreceptor type tyrosine kinases, or oncogene products that are capable of activating STAT3 also induce c-myc mRNA expression, at least in part through STAT3 activation.
